The Murine Otp Homeobox Gene Plays an Essential Role in the Specification of Neuronal Cell Lineages in the Developing Hypothalamus  by Wang, Weidong & Lufkin, Thomas
Developmental Biology 227, 432–449 (2000)
doi:10.1006/dbio.2000.9902, available online at http://www.idealibrary.com onThe Murine Otp Homeobox Gene Plays an Essential
Role in the Specification of Neuronal Cell Lineages
in the Developing Hypothalamus
Weidong Wang and Thomas Lufkin1
Brookdale Center for Developmental and Molecular Biology, Mount Sinai School of Medicine,
One Gustave L. Levy Place, New York, New York 10029-6574
Hypothalamic nuclei, including the anterior periventricular (aPV), paraventricular (PVN), and supraoptic (SON) nuclei
strongly express the homeobox gene Orthopedia (Otp) during embryogenesis. Targeted inactivation of Otp in the mouse
results in the loss of these nuclei in the homozygous null neonates. The Otp null hypothalamus fails to secrete
neuropeptides somatostatin, arginine vasopressin, oxytocin, corticotropin-releasing hormone, and thyrotropin-releasing
hormone in an appropriate spatial and temporal fashion, and leads to the death of Otp null pups shortly after birth. Failure
to produce these neuropeptide hormones is evident prior to E15.5, indicating a failure in terminal differentiation of the
aPV/PVN/SON neurons. Absence of elevated apoptotic activity, but reduced cell proliferation together with the ectopic
activation of Six3 expression in the presumptive PVN, indicates a critical role for Otp in terminal differentiation and
maturation of these neuroendocrine cell lineages. Otp employs distinct regulatory mechanisms to modulate the expression
of specific molecular markers in the developing hypothalamus. At early embryonic stages, expression of Sim2 is
immediately downregulated as a result of the absence of Otp, indicating a potential role for Otp as an upstream regulator
of Sim2. In contrast, the regulation of Brn4 which is also expressed in the SON and PVN is independent of Otp function.
Hence no strong evidence links Otp and Brn4 in the same regulatory pathway. The involvement of Otp and Sim1 in
specifying specific hypothalamic neurosecretory cell lineages is shown to operate via distinct signaling pathways that
partially overlap with Brn2. © 2000 Academic Press
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The mammalian hypothalamus is involved in regulat-
ing numerous physiological functions including integra-
tion of autonomic function, growth and development,
thermoregulation, immune system activity, food intake,
fluid homeostasis, and sleeping, as well as reproductive
and nursing behaviors. Multiple nuclei comprised of
groups of neuronal cell bodies make up the hypothala-
mus. The neurons of these nuclei project axons and
produce neuropeptide hormones, which are released at
their targets to exert the various functions of the hypo-
thalamus. Physiologically, the hypothalamic endocrine
1 To whom correspondence should be addressed at Brookdale
Center for Developmental and Molecular Biology, Mount Sinai
School of Medicine, Box 1020, One Gustave L. Levy Place, New
York, NY 10029-6574. Fax: (212) 860-9279. E-mail: thomas.hlufkin@mssm.edu.
432eurons composing these nuclei can be subdivided into
wo major types: the magnocellular and the parvocellular
eurons. The magnocellular neurons are located in the
orsal region of the paraventricular (PVN) nucleus and
he entire supraoptic (SON) nucleus in the anterior
ypothalamus, from where they send axons to the poste-
ior lobe of the pituitary and release the peptide hor-
ones, arginine vasopressin (AVP), and oxytocin (OT).
VP and OT are primarily produced by two distinct
ubtypes of neurons that compose the magnocellular
euroendocrine system (Swanson and Sawchenko, 1983).
he parvocellular neurosecretory neurons are positioned
n five distinct nuclei: the preoptic, paraventricular,
eriventricular, arcuate, and ventromedial nuclei. Unlike
heir magnocellular counterparts, axons projected by
arvocellular neurons converge and release specific pep-
ide hormones in the median eminence (ME). These
ormones are then transported to the anterior pituitary
0012-1606/00 $35.00
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433Neuroendocrine Defects in Otp Mutant Micevia the portal vasculature, where they regulate hormonal
secretion by the anterior pituitary. In the paraventricular
nucleus, parvocellular neurons reside in the region ven-
tral to the magnocellular part. These neurons produce
peptide hormones corticotropin-releasing hormone
(CRH) and thyrotropin-releasing hormone (TRH), show a
diurnal fluctuation in levels, and also control pituitary-
adrenal and pituitary-thyroid responses to stress and
metabolic demand. The periventricular nucleus, a region
located ventrally to the PVN, synthesizes somatostatin
(SS) whose physiological function is to inhibit the release
of growth hormone (GH) from the anterior pituitary. The
arcuate nuclei and adjacent ventromedial nucleus pro-
duce growth hormone-releasing hormone (GHRH). The
preoptic nucleus is the site of gonadotropin-releasing
hormone (GnRH) production, which is critical for the
sexual behavior. Hence, the parvocellular neurosecretory
system can be subdivided on the basis of cells expressing
individual hormones.
Brn2 and Sim1 are the two genes which are required for
the coordinate development of the hypothalamic-
pituitary axis (Michaud et al., 1998; Nakai et al., 1995;
Schonemann et al., 1995). It has been further shown that
failed terminal differentiation of hypothalamic neurons
accounts for the observed defects in the Brn2 null mice.
The expression pattern of the bHLH-PAS transcription
factor Sim1 suggested a possible function in neuronal cell
maturation of the endocrine hypothalamic nuclei (Fan et
al., 1996). This speculation was confirmed by the loss of
the PVN, aPV, and SON neurons following inactivation
of Sim1 (Michaud et al., 1998). Furthermore, Sim1 ap-
pears to function upstream of Brn2 to control the termi-
nal differentiation of the hypothalamic neurosecretory
neurons. Other homeobox genes have been reported to be
involved in the development of the hypothalamic-
pituitary axis in mouse. Lhx3, Pit1, and Pitx1 are all
involved in cell fate specification of the anterior pituitary
(Li et al., 1990; Sheng et al., 1996; Szeto et al., 1996,
1999). Gsh has been shown to be essential for normal
synthesis of GHRH by the arcuate nucleus (Li et al.,
1996). The homeobox gene Otp has been isolated from a
wide array of species ranging from Drosophila to humans
(Di Bernardo et al., 1999; Lin et al., 1999; Simeone et al.,
1994; Umesono et al., 1997; Wang and Lufkin, 1997).
During development, Otp is expressed in the rostral
CNS, hindbrain, and neural tube (Acampora et al., 1999;
Simeone et al., 1994). Its expression in the developing
hypothalamus suggests possible roles in the specification
of neuronal cell lineages (Acampora et al., 1999). In this
report, we present data that Otp is required for correct
differentiation of the neurons of the anterior paraven-
tricular (aPV), PVN, and SON. The cellular mechanisms
and molecular regulatory pathways leading to the cell
fate alternation in the Otp null mice have also been
examined. I
Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Construction of the Otp Targeting Vector,
Production of Germ-Line Transmitting Mice, and
Genotyping of Otp Null Mice
Two Otp cDNA clones were isolated from an E11.5 mouse
cDNA library using a homeobox probe derived from the human
Hmx1 gene (Stadler et al., 1992). One of the two clones contained
the full-length Otp cDNA and was used to screen a mouse 129/Sv
genomic library. Five independent genomic clones were confirmed
to contain Otp. The genomic organization of the murine Otp gene
was determined by nucleotide sequencing. An 8-kb EcoRI genomic
fragment (the EcoRI site at the 59 end is located in Otp; the 39 end
EcoRI site is derived from the polylinker of l dash II phage) isolated
from one the five positive clones was subcloned into pBluescript
KS1, creating plasmid pW120. Using primer TL321 CCA-
GATCGCGACGCCAAGTGGAAG nucleotides CGC encoding
amino acid Arg at position 157 of the Otp protein were changed
into GAC by site-directed mutagenesis, consequently introducing a
unique NruI site in the third exon. The ires.lacZ 1 neo reporter was
derived from p1099 and inserted into the unique NruI site in
pW151a, generating targeting vector pW173a (Fig. 1A). The tran-
scriptional orientation of the reporter relative to Otp transcription
was confirmed by nucleotide sequencing. Electroporation, screen-
ing for recombinant R1 ES cell clones, chimera production, testing
of germ-line transmission, and genotyping of offspring were per-
formed essentially as described (Wang et al., 1998). Animal care
was conducted according to IACUC guidelines.
RT-PCR Assays
To further confirm that Otp has been disrupted at the RNA
level, RT-PCR was performed as previously described (Tribioli and
Lufkin, 1997, 1999). Of total RNA isolated from E14.5 embryos
from each genotype 100 mg was used to synthesize first-strand
cDNA. Primer 1 CAACAGCAGGGCCAACAGAAACAG is lo-
cated just 59 to the Otp homeobox in the second exon. Primer 3
CGTGGGCAGCAGCRTGCCTGGCAC is the antisense primer
residing 39 to the homeobox in exon 3. This pair of primers was
used for amplification of mRNA produced by the wild-type allele.
Primer 2 CGTCTCTTGTTCCATGGTTGTGGC is located at the
junction between the internal ribosomal entry site (ires) and the
coding sequence of lacZ gene in the reporter (Li et al., 1997). This
rimer, in combination with Primer 1, detected mRNA produced
y the OtplacZ allele. One pair of primers, TL854 AACCCTAAG-
CCAACCGTGAAAAG and TL855 CCATCACAATGCCCGTG-
TACGAC, was used to amplify b-actin mRNA as a control for
the quality of the RT reactions. The specificity of the amplified
products was verified by Southern blot analysis using probes
derived from the Otp cDNA and ires.lacZ1neo.
b-Galactosidase Staining, Histology, RNA in Situ
Hybridization, Cell Proliferation (BrdU labeling),
and Apoptosis (TUNEL)
Embryos from various stages as well as neonatal brains were
collected for b-galactosidase staining as previously described (Fra-
sch et al., 1995). Noon of the plug date was designated E0.5.
allory’s tetrachrome staining of paraffin sections was performed
or histological studies as previously described (Lufkin et al., 1992).
n situ hybridization experiments on paraffin sections were per-
s of reproduction in any form reserved.
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434 Wang and Lufkinformed as previously described (Wang et al., 1998). The following
probes were used: 0.6 kb AVP; 0.7 kb Brn2; 1.1 kb Brn4; 1.0 kb
RH; 0.4 kb GRF; 0.86 kb Hmx2; 1.2 kb Lhx3; 1.5 kb OT; 1.2 kb
im1; 0.8 kb Sim2; 1.0 kb Six3; 0.6 kb SS (Genbank aa050761); 0.7
b TrH. To detect cell proliferation, embryos were collected from
regnant mice injected intraperitoneally with BrdU at 50 mg/g at
the stages of E11.5 and E12.5. Three embryos from each genotype
were examined at 1 and 12 h after injection, respectively. In Situ
Cell Death Detection assay from Boehringer Mannheim (Cat. No.
1684809) was used to evaluate apoptotic activities in cells of
E10.5–E18.5 embryos. At least three embryos for each genotype at
each embryonic stage were examined. Embryos were processed as
previously described (Tribioli and Lufkin, 1999).
RESULTS
Targeted Disruption of Otp Results in Postnatal
Lethality
Since there are stop codons in all three reading frame in
the N-terminal portion of the ires.lacZ1neo reporter, its
insertion into the third helix of the Otp homeodomain
results in a truncated Otp protein in which the C-terminal
portion of Otp plus the DNA-binding portion of the home-
odomain have been deleted. Previous studies have shown
that this C-terminal region of Otp plays a critical role in
transactivation (Simeone et al., 1994). Consequently, it is
likely that insertion of the ires.lacZ1neo reporter results in
a null mutation and is referred to as OtplacZ (Fig. 1). Five out
of 96 G418-resistant ES clones analyzed had undergone a
correct homologous recombination as confirmed by South-
ern blot analysis (Fig. 1B). Two independent clones, A6 and
C5, were injected into C57BL/6J recipient blastocysts. Chi-
meric male mice derived from both clones successfully
transmitted the mutant OtplacZ allele through the germ line.
Chimeras were then backcrossed to C57BL/6J and 129/SvJ
(The Jackson Laboratory, No. 000691) females to put the
Otp mutation on mixed and congenic inbred backgrounds,
respectively. Heterozygous OtplacZ mice are indistinguish-
able from their wild-type littermates in terms of viability,
health, and fertility. When examined at all stages, matings
between OtplacZ heterozygotes give pups in appropriate
Mendelian ratios. Regardless of their genetic backgrounds,
all OtplacZ null pups died within 3 days after birth. Their
rowth was severely retarded as indicated by their reduced
ody size and weight compared with their littermates (Figs.
O and P).
Structures along the Periventricular Region of the
OtplacZ Null Hypothalamus Display Abnormal
tplacZ Expression, Characterized by Its Complete
bsence in the Prospective aPV, PVN, and SON
Homologous recombination of the Otp targeting con-
struct generates a null allele in which no endogenous
regulatory elements have been deleted. b-galactosidase ac-
tivity in the OtplacZ heterozygotes faithfully reflects the
xpression pattern of the endogenous Otp allele as com- (
Copyright © 2000 by Academic Press. All rightared with the in situ hybridization results obtained from
hole mounts or paraffin sections of wild-type animals
data not shown). Therefore, altered expression of OtplacZ in
he OtplacZ null homozygotes is likely the sole result of the
absence of the Otp protein. In E9.5 heterozygotes, OtplacZ is
initially evident in a subset of cells with a spotty distribu-
tion and a rostral limit located in the ventral rhomben-
cephalon (arrows in Figs. 2A and B). Its expression in the
neural tube persists throughout all embryonic stages. In the
diencephalon of E10.5 embryos, two groups of cells are
positive for OtplacZ. No overt changes are observable in its
expression in the anterior developing hypothalamus at the
level of the optic stalk between OtplacZ1/2 and OtplacZ null
embryos (Figs. 2C and D). Another region expressing OtplacZ
is a restricted strip extending from the posterior hypothala-
mus to the mesencephalic flexure. At this stage, OtplacZ null
mbryos can be easily identified by the lacZ-staining pat-
ern, since OtplacZ-expressing cells can no longer be detected
n the ventral mesencephalon (arrow in Fig. 2D). At E11.5,
he gap between the two lacZ-positive domains in the
ypothalamus is maintained. From this stage, the domain
n the posterior hypothalamus has shrunken dramatically
arrowheads in Figs. 2F and H). At E12.5, the gap between
he two lacZ-positive domains in the developing hypothala-
us has been filled in (Figs. 2G and H). At the boundary
etween the telencephalon and diencephalon, OtplacZ can be
seen in the region that will give rise to the future amygda-
loid nucleus. In the OtplacZ null embryos, the number of
OtplacZ-expressing cells is reduced (arrowheads in Figs. 2G
and H). From E15.5, OtplacZ null brains exhibit altered
expression in the supraoptic region in the anterior hypo-
thalamus and amygdala area in the telencephalon (Figs. 2I
and J). At Postnatal Day 1 (P1), the difference in OtplacZ
expression becomes more evident, as indicated by the
increased gap between the supraoptic regions, and absence
of lacZ-expressing cells in the ventral region of the inter-
mediate hypothalamus (asterisks in Figs. 2M, N), and the
abnormal pattern of OtplacZ expression in the posterior
ypothalamus surrounding the infundibular recess of the
hird ventricle (arrowheads in Figs. 2M and N). In contrast
o its decreased expression in the infundibular recess,
tplacZ shows enhanced expression in the ventrolateral
region of the posterior hypothalamus, which is still visible
until Postnatal Day 3 (Fig. 2P). Interestingly, at Postnatal
Day 3 (P3), OtplacZ in the infundibular recess displays
relatively high level expression which might be explained
by the condensation of OtplacZ-expressing cells due to the
slowed growth of the hypothalamus. At the time when all
OtplacZ null pups died, the size of the OtplacZ null brains was
reduced by almost 30%, showing severe retardation in their
postnatal development (Figs. 2O, P).
Sectioning of P1 brains revealed the cellular details of the
affected OtplacZ expression in the OtplacZ null neonates
elative to the heterozygotes. In the anterior hypothalamus
f OtplacZ heterozygotes, strong expression of lacZ can be
een in the differentiating field of the stria terminalis
BNST), anterior periventricular nucleus, supraoptic
s of reproduction in any form reserved.
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435Neuroendocrine Defects in Otp Mutant Micenucleus, paraventricular nucleus, and medial preoptic
nucleus (MPN), as well as the lateroanterior hypothalamic
nucleus (LA, Figs. 3A and C). At the intermediate level of
the hypothalamus, in addition to its expression in the LA,
FIG. 1. (A). Targeted disruption of the Otp gene. Partial restrictio
and sizes of each exon. The open boxes show the homeobox. Th
sequences encoding the third helix of the homeodomain are loc
orientation of Otp. Homologous recombination results in the insert
odons in the reporter gene prevent the 39 portion of the Otp gene
he external probes used for Southern blot analysis. Small arrows sh
lot analysis of tailtip DNAs from wild-type, Otp1/2, and Otp2/
ell as a 5.6-kb mutant fragment because of the presence of
res.lacZ1neo increases the size of the wild-type XbaI fragment from
ssays of Otp RNA expression in the wild-type (1/1), OtplacZ1/2
genotype were amplified using different sets of primers. PCR us
produced by the wild-type allele. This 216-bp fragment contains
mRNA transcribed from the OtplacZ allele. The amplified 806-bp fr
nd the internal ribosomal entry site (ires). A 120-bp fragment of b-
The identity of the amplified products was further confirmed by So
Otp cDNA and ires.lacZ1neo (right panel in C).SON, and PVN, OtplacZ is positive in the medial amygdaloid
Copyright © 2000 by Academic Press. All rightnucleus (MeA) (Figs. 3E, G, and I). Interestingly, even
within the PVN, OtplacZ shows expression strongest in the
lateral magnocellular (PaLM) and medial parvocellular
(PaMP) parts, but fainter in the medial magnocellular region
p of wild-type Otp allele is shown. Solid boxes indicate positions
meobox is split into two parts by intron 2, in which nucleotide
in the third exon. The big arrow indicates the transcriptional
f the ires.lacZ1neo reporter into the 39 part of the homeobox. Stop
being translated, thus generating a null allele. Probes 1 and 2 are
the position of primers employed for RT-PCR assays. (B). Southern
ll) offspring. Probe 1 detects an 8.5-kb wild-type BamHI band, as
tional BamHI sites in the ires.lacZ1neo reporter. Insertion of
to 13.5 kb in the mutant allele, as detected by probe 2. (C). RT-PCR
OtplacZ2/2. cDNAs reversibly transcribed from mRNAs for each
rimer 1 and primer 3 amplified a 216-bp fragment from mRNA
ntire Otp homeobox. Primer 1 and primer 2 were used to detect
nt comprises the sequences from the 59 portion of the homeobox
mRNA was amplified to control the quality of RT-PCR reactions.
rn blot analysis using probes derived from a mixture of full-lengthn ma
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uthe(PaMM) (Fig. 3E). In the posterior hypothalamus, OtplacZ is
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436 Wang and LufkinFIG. 2. Altered expression patterns of Otp in the OtplacZ null brains. The genotype of each embryo is shown at the top of each column.
tplacZ is first turned on at E9.5 in the neural tube and hindbrain without significant difference between OtplacZ1/2 and OtplacZ null
mbryos (A, B). From E10.5 afterward, OtplacZ is strongly expressed in the pre and postoptic regions in the diencephalon (C–H). In the
mesencephalon, OtplacZ is positive in a strip of cells in the mesencephalic flexure (C, E, G) at E10.5, E11.5, and E12.5, respectively. But in
the OtplacZ null embryos, this strip is truncated dramatically (arrows in D, F, H). (I–J) Ventral views of the developing hypothalamus show
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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437Neuroendocrine Defects in Otp Mutant Miceexpressed in the posterior paraventricular nucleus (pPVN),
the lateral hypothalamic area (LHA), the arcuate hypotha-
lamic nucleus (ARN), and the nigrostriatal bundle (NS)
(Figs. 3G and I). In the OtplacZ null brains, lacZ expression is
completely absent in all structures surrounding the third
ventricle, including the aPV, PVN, pMN, and NS (Figs. 3B,
D, F, H, and J). OtplacZ-positive cells in the presumptive
SON do not show the correct morphology (arrowheads in
Figs. 3D and F). In the OtplacZ heterozygotes, the OtplacZ-
ositive SON has the appearance of a mass of neurons
ocated on the both sides of the basal-lateral border of the
hiasm (Figs. 3C and E). But in the OtplacZ null hypothala-
mus, cells strongly expressing OtplacZ extend to the middle
line along the ventral border of the hypothalamus, exclud-
ing the SCN region (Fig. 3D). No preference of expression in
the presumptive SON can be observed. Strong signals are
present in the entire ventrolateral base (Fig. 3F). This trend
persists in the posterior level of the hypothalamus (Fig. 3H).
Cells no longer express OtplacZ in the MPN and LA near the
CN (Figs. 3B, D, and F). The number of cells positive for
tplacZ is significantly reduced in the amygdaloid area. In
contrast, OtplacZ is dramatically upregulated in the arcuate
ypothalamic nucleus (ARN) (Figs. 3I and J).
In summary, owing to loss of both wild-type Otp alleles,
tplacZ becomes restricted to the base of the hypothalamus.
wo possibilities could account for the severely affected
tplacZ expression pattern shown by the OtplacZ null brains:
1) Certain types of cells that normally express Otp are
issing in the OtplacZ null mice; and (2) cells lacking Otp
ave developed normally, but fail to express the mutant
tplacZ alleles. To examine the histological basis of these
abnormalities, Mallory’s tetrachrome staining of paraffin
sections was performed.
Loss of Functional Otp Disrupts the Development
of the Hypothalamus and Posterior Pituitary
Coronal sections of neonatal brains were analyzed. Sev-
eral hypothalamic nuclei were severely affected in the
brains lacking functional Otp. In the OtplacZ null brains,
regions surrounding the third ventricle and the presumptive
SON were highly hypocellular. The condensed cell popula-
tions composing the SON and PVN were not clearly iden-
tifiable (Figs. 4A–F). Morphologically, the PVN comprises a
compact mass of magnocellular and parvocellular neurons,
which is shaped like an upside-down triangle surrounding
the third ventricle (Figs. 4C and E). However, in the OtplacZ
null brains, this upside-down-shaped cell mass is no longer
observable (Figs. 4D and F). Coordinately, the presumptive
the abnormal OtplacZ expression patterns in the OtplacZ null b
hypothalamus. Arrowheads in Panel I and J show the amygdaloid
hypothalamus region. Arrowheads in M and N show the infundibu
rains is about two-thirds of their normal littermates’ (O, P). Abbreviat
Copyright © 2000 by Academic Press. All rightVN region is replaced by densely packed cells which more
ikely resemble neurons in the anterior hypothalamic
ucleus (Fig. 4F). The OtplacZ null median eminence failed
to fully develop, characterized by a reduced volume of the
third ventricle and a decreased thickness of the neuroepi-
thelium when corresponding sections were carefully exam-
ined and photographed at the same magnification. Apparent
hypocellularity surrounding the third ventricle area may be
one of the reasons causing the ME to fail to extend laterally
and ventrally, subsequently causing the reduced size of the
infundibulum covering the neuroepithelium (Figs. 4G and
H). The thickness of the infundibulum is increased notably;
suggesting the total number of cells may not have changed
significantly. The posterior lobe of the pituitary gland is the
final target of many neuronal cells originating from the
PVN and SON. Thus defects in these regions of the brain
could reasonably result in abnormalities of the posterior
pituitary. The anterior and intermediate lobes of the pitu-
itary gland appear to develop properly in the OtplacZ null
animals, even though an apparent reduction in size can be
observed in these tissues. Strikingly, however, the posterior
lobe is markedly depleted of cells. The identities of the few
remaining cells in the posterior lobe are not yet clear. Most
likely, they are the specialized glial cells originated from
the infundibular stalk, which connects the ventral hypo-
thalamus to pituitary (Figs. 4I and J). In conclusion, abol-
ishing Otp function impairs the maturation of OtplacZ-
expressing neuronal cells, originating from the PVN as well
as the SON.
Absence of Major Hypothalamic Neuroendocrine
Cells in the OtplacZ Null Brains Is Further
onfirmed at the Molecular Level
Peptide hormones arginine vasopressin and oxytocin are
synthesized by the magnocellular neurosecretory system of
the PVN and SON, and released into the blood stream in the
posterior pituitary (Swanson and Sawchenko, 1983). In the
OtplacZ null brains, AVP transcripts are not detectable in the
presumptive PVN or SON (Figs. 5A, B). And, OT mRNA is
absent from the PVN and dramatically reduced in the SON
(Figs. 5E and F). Corticotropin-releasing hormone (CRH)
and thyroid-releasing hormone (TRH) transcripts overlap
with those of Otp in the parvocellular neurons in the PVN
and lateroanterior hypothalamic area (AHAa). In the OtplacZ
null brains, mRNAs for both peptide hormones are unde-
tectable in the above regions (Figs. 5C, D, I, and J). Hypo-
thalamic expression of somatostatin is affected ostensibly
in the aPV, ARN, and ZI. In contrast, SS-expressing cells in
(I–P). Arrows indicated the developing supraoptic regions in
lei. Panels M and N are the high power views of K and L in the
cess. At the time when all OtplacZ null pups died, the size of theirrains
nuc
lar re
ions: T, telencephalon; H, hypothalamus; HB, hindbrain.
s of reproduction in any form reserved.
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438 Wang and LufkinFIG. 3. Loss of Otp expression in the mid-line structures of the postnatal P1 hypothalamus. lacZ-stained P1 brains were sectioned
oronally. Panels A, C, E, G, and I are serial sections from anterior to posterior hypothalamus of the OtplacZ1/2 brains. Panels B, D, F, H,
nd J show sections of the OtplacZ null brains at the corresponding level. OtplacZ is expressed strongly in distinct structures in newborn
hypothalamus, including the anterior periventricular, paraventricular, and supraoptic nuclei (A, C, E, G). Even within paraventricular
nucleus, OtplacZ shows preference in certain cell lineages in its expression level (E). Whereas, no OtplacZ-positive cells can be seen in the
resumptive periventricular and paraventricular nuclei (B, D, F, and H). In the ventral hypothalamus, OtplacZ null brains display and altered
expression pattern in which supraoptic nuclei cannot be clearly identified morphologically (arrowheads in D and F). OtplacZ expression in
the ARN is retained in the OtplacZ null brain (I, J). Abbreviations: ARN, arcuate hypothalamic nucleus; aPV, anterior periventricular
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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439Neuroendocrine Defects in Otp Mutant Micethe telencephalon seem normal (Figs. 5G and H). Perturba-
tion of these neuropeptide hormones indicates that mul-
tiple neuroendocrine cell lineages have been affected by the
loss of Otp.
Several POU domain and bHLH-PAS transcription factors
have been shown genetically to play crucial roles in the
development of the hypothalamic-pituitary axis. For ex-
ample, Brn2 and Sim1 are indispensable for the terminal
differentiation of the endocrine neurons in the aPV, PVN,
and SON (Michaud et al., 1998; Schonemann et al., 1995).
Some homeobox genes, such as Six3, Hmx2, Lhx3, are
expressed in discrete regions in the hypothalamus and
pituitary, suggesting prospective roles in the maturation of
these structures (Oliver et al., 1995; Zhadanov et al., 1995;
W. Wang and T. Lufkin, unpublished data). In the wild-type
hypothalamus, Brn2 is abundantly expressed in the PVN,
SON, and lateral hypothalamic area (Fig. 6A). Another POU
domain transcription factor Brn4 is also positive in a subset
of cells in the PVN and SON (Fig. 6C). Interestingly, the
bHLH-PAS transcription factor Sim1 shows an identical
expression pattern relative to Otp in all regions in the
hypothalamus and amygdala (Fig. 6E). In the PVN, Sim2 is
preferentially expressed in a subset of cells close to the third
ventricle, even though at a low level (Fig. 6G). In the OtplacZ
null brain, Brn4 and Sim2 are absent in the hypothalamus
(Figs. 6D and H). Similarly, Brn2 and Sim1 transcripts
disappear from the presumptive PVN and are found distrib-
uted in the ventrolateral hypothalamic area (Figs. 6B and F).
In the presumptive SON, both Brn2 and Sim1 show a
reduced level expression, apparently in a disorganized man-
ner (Figs. 6B and F). Sim1 expression in the amygdaloid
uclei is unaffected in the OtplacZ mutant (Figs. 6E and F).
Losing the expression of both SS and Sim1 in the aPV (Figs.
5H and 6F) indicates that parvocellular neurons in the aPV
are equally affected in the OtplacZ null brain.
The homeobox gene Six3 is strongly expressed in two
trips of cells in the zona incerta (ZI) which demarcates the
order between the thalamus and the hypothalamus. Im-
ortantly, Six3-positive cells are excluded from the area
urrounding the third ventricle. No signals can be detected
n the PVN and aPV, let alone in the SON. Faint signals can
e seen in the SCN (Fig. 6I). Remarkably, Six3 mRNA is
ctopically expressed in the presumptive PVN and aPV in
he OtplacZ null brain (Fig. 6J). Its expression in the SCN is
pparently upregualted. Another homeobox gene Hmx2 is
xpressed in the midline structures in the ventral hypo-
halamus along the anteroposterior axis, including the
reoptic nucleus (PN), SCN, and ARN. Its expression in
hese regions is not affected by the inactivation of Otp (Figs.
nucleus; BNST, bed nucleus of stria terminalis (differentiating field); L
MPN, medial preoptic nucleus; MeA, anterior part of the medial amyg
nigrostriatal bundle; PaLM, lateral magnocell in paraventricular nucl
parvicell in paraventricular nucleus; pPVN, posterior paraventricular
SON, supraoptic nucleus; SOX, supraoptic decussation; VIII, third ventric
Copyright © 2000 by Academic Press. All rightK and L). Taken together with the unchanged expression
attern of GHRH in the ARN (data not shown), the PN,
CN, and ARN are the least affected regions in the OtplacZ
null brain. No dramatic changes can be seen in the expres-
sion of posterior pituitary marker Six3, as well as the
ntermediate and anterior pituitary markers Lhx3 and Pit1
Figs. 6M, N, O, and P; data not shown). Thus no solid
vidence supports the notion that the decrease in size of the
osterior pituitary is caused by a perturbation of its own
olecular markers.
Reduced Cell Proliferation of the Neural
Progenitor Cells at Early Embryonic Stages
Accounts for the Failed Maturation of Endocrine
Neurons in the aPV, PVN, and SON
Cell fate alternation, cell cycling rates, or cell death, or a
combination of these could contribute to the absence of
endocrine neurons in the OtplacZ null hypothalamus. At
E15.5, terminal differentiation of these neurons, as indi-
cated by the production of specific neuropeptides, has
already been demonstrated (Hyodo et al., 1992; Keegan et
al., 1994). At this stage, OtplacZ expression in the aPV, PVN,
and SON is undetectable in the mutant hypothalamus (Figs.
7A and B). As a result, AVP expression by the magnocellular
neurons of the PVN and SON is totally abolished in the
mutant embryo (Figs. 7C and D). Another subset of the
magnocellular neurons, those expressing OT, also fails to
develop in the OtplacZ null mutant (Figs. 7G and H). CRH-
positive parvocellular neurons should have become devel-
opmentally committed by E13.5 (Keegan et al., 1994). In the
OtplacZ null embryos, they are absent in the PVN (Figs. 7E
and F). TRH-specific parvocellular neurons are not present
in the anterior hypothalamic area either (Figs. 7I and J). At
the same time, the presumptive aPV and ARN have lost the
ability to produce somatostatin (SS, Figs. 7K and L). At
E15.5, abundant expression of Brn2 in the PVN and SON is
substituted by a diffuse signal in the anterolateral hypotha-
lamic area in the mutant. Its expression outside the hypo-
thalamus is unaffected (Figs. 7M and N). Brn4 shows
progressive disappearance in expression at this stage, fea-
tured by its absence in the SON and its retention in the
PVN. Similarly, Sim1- and Sim2-expressing neuronal cells
are not found in the prospective PVN and SON (Figs. 7Q, R,
S, and T). At the same time, the vacancy left by the PVN has
been filled by Six3-expressing cells (Figs. 7U and V). Sur-
prisingly, the wild-type and OtplacZ null pituitaries includ-
ing all three lobes are morphologically indistinguishable,
indicating that the absence of the above neuropeptides and
teroanterior hypothalamic nucleus; LHA, lateral hypothalamic area;
d nucleus; MeP, posterior part of the medial amygdaloid nucleus; NS,
PaMM, medial magnocell in paraventricular nucleus; PaMP, medial
leus; PVN, paraventricular nucleus; SCN, suprachiasmatic nucleus;A, la
daloi
eus;
nucle; VMH, ventromedial thalamic nucleus.
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440 Wang and LufkinFIG. 4. Defects in the OtplacZ null neonatal hypothalamus and pituitary revealed by histological analysis. Coronal sections through the
eonatal anterior hypothalamus show the absence of SON (A, B) and PVN (C, D) in the OtplacZ null brains. Panels E and F are sections
through the PVN at the level posterior to C and D. Median eminence fails to fully develop, featured by decreased thickness of
neuroepithelium (G, H). In addition, the third ventricle of OtplacZ null is significantly smaller than that of the wild-type animal. The
osterior lobe of the OtplacZ null pituitary gland is almost absent (I, J). Abbreviations: AHN, anterior hypothalamic nucleus; IF,
nfundibulum; ME, median eminence; A, anterior lobe of pituitary; I, intermediate lobe of pituitary; P, posterior lobe of pituitary.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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441Neuroendocrine Defects in Otp Mutant MiceFIG. 5. Failed expression of certain neuropeptide hormones in OtplacZ null neonatal hypothalamus. In situ hybridization on coronal
ections through the hypothalamus of wild-type and OtplacZ null neonates was performed to examine the gene expression profile of AVP
(A, B), CRH (C, D), OT (E, F), SS (G, H), and TRH (I, J). No mRNA signals of above genes are detectable in the aPV (G, H for SS), PVN, and
ON (A–F for AVP, CRH, and OT; I and J for TRH). Abbreviations: AHAa, anterior lateral hypothalamic area; ZI, zona incerta.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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442 Wang and Lufkintranscription factors does not affect early patterning of this
tissue. These results suggest that Otp initially exerts its
unction to control specific cell fates prior to E15.5.
In the mouse, generation of the PVN/SON neurons ini-
iates at E10.5. Terminal differentiation of certain cell types
f the PVN/SON, such as the CRH-expressing neurons, is
ccomplished as early as E13.5. Loss of CRH transcripts at
13.5 (data not shown), together with the absence of AVP
xpression at E15.5 (Figs. 7C and D) in the OtplacZ null
mutant, indicates that terminal differentiation of these
FIG. 6. Abnormal expression of molecular markers Brn2, Brn4,
wild-type brains, Brn2 is expressed in the PVN, SON, and LHA (A
pair of strips near the base of hypothalamus (B). Normal express
bolished in the OtplacZ null mice (C, D). In wild-type neonatal bra
as well as MeA (E). Inactivation of Otp ablates Sim1 expression in
ypothalamic area are positive for Sim1 (arrowheads in F). Sim2 tra
f Otp (G, H). Six3 is predominately restricted to the zona incer
ompared to the wild-type brains, OtplacZ null hypothalamus shows
level of Six3 in the aPV and SCN (J). No changes in the Hmx2 expres
ncluding PN, SCN, and ARN (K, L). Even though the posterior lo
n the anterior and posterior lobes of pituitary, respectively (M, Nneurons has failed. Although obvious changes are observ- s
Copyright © 2000 by Academic Press. All rightable in the posterior hypothalamus, no major difference is
seen in the OtplacZ expression pattern in the supraoptic/
araventricular area (data not shown) between heterozy-
ous and OtplacZ null embryos at E10.5 (Figs. 2C and D; data
not shown). At E11.5, OtplacZ is expressed in two distinct
domains in the diencephalon corresponding to the future
anterior and posterior hypothalamus. In the wild-type em-
bryos, OtplacZ extends from the hypothalamic sulcus to the
ptic recess in the supraoptic/paraventricular area (spv). Its
xpression shows an inside-out gradient with the strongest
1, Sim2, and Six3 in the OtplacZ null neonatal hypothalamus. In
t OtplacZ null neonatal brains show misexpression of Brn2 only in
f Brn4 in the PVN and posteroventral SON has been completely
im1 signals can be strongly seen in the PVN, aPV, SON, and LHA
bove regions except MeA (F). Scattering cells in the lateroanterior
ipts are missing in the presumptive PVN as a result of the absence
ut excluded from the area surrounding the third ventricle (I). As
pic expression of Six3 in the presumptive PVN, as well as elevated
can be seen in the midline structures in the ventral hypothalamus,
pituitary is malformed, Lhx3 and Six3 expression are maintained
). Abbreviation: PN, preoptic nucleus.Sim
). Bu
ion o
ins, S
the a
nscr
ta, b
ecto
sion
be ofignals located at the marginal zone (arrowhead in Fig. 8A).
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443Neuroendocrine Defects in Otp Mutant MiceFIG. 7. Examination of cell fate alternation of developing OtplacZ null E15.5 hypothalamus in the aPV, PVN, and SON. At E15.5, OtplacZ
is expressed in the developing PVN (arrow in A), aPV, and MeA. In the base of hypothalamus, OtplacZ is strongly expressed in the developing
SON, but weakly in the rest part excluding SCN (arrowheads in A). In the OtplacZ null brains, b-galactosidase activity can only be seen in
the amygdaloid nucleus and ventral edge without preference in the SON (arrowheads in B). Loss of Otp fails to activate neuroendocrine
hormones AVP (C, D), CRH (E, F), OT (G, H), and TRH (I, J) in the PVN and SON, and SS in the aPV (arrows in K and L) and ARN (arrowheads
in K and L). Furthermore, abnormal expression of molecular markers, such as Brn2 (M, N), Brn4 (O, P), Sim1 (Q, R), and Sim2 (S, T) suggests
that cell fate alternation has already occurred prior to E15.5 in the developing aPV, PVN, and SON. The absence of Otp allows cells
expressing Six3 to fill in the vacancy left by the presumptive PVN (U, V). At this embryonic stage, abnormalities in the hypothalamus are
not sufficient to affect the development of pituitary gland (W, X).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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444 Wang and LufkinFIG. 8. Expression profile of Otp, Brn2, Brn4, Sim1, Sim2, and Sim3 in the wild-type and Otp null embryos. The embryonic stage and
genotype of the embryo are shown at the top of each column. Molecular markers examined are indicated in the lower-right corner of each
panel. Inactivated Otp gene is restricted to the narrow regions in the diencephalon at E11.5(A, B). No dramatic changes are observable in
the expression of Brn2 (C, D), Brn4 (E, F), and Six3 (K, L) at this stage. Sim1 gene shows narrowed domains of expression (arrows in G and
H). Strikingly, Sim2 is completely shut down in the OtplacZ null diencephalon (I, J). At E13.0, developing PVN (arrow in M) and SON
arrowhead in M) can be visualized by the cells expressing Otp (b-galactosidase). In the OtplacZ null embryos, the number of Otp-expressing
cells decreases (M, N). At E13.0, Brn2 is diminished in the developing PVN (arrows) and SON (arrowheads) in the null brain (O, P). Brn4
nd Six3 do not show significant changes in their expression in the hypothalamus (Q, R, U, V). Sim1 shows strong expression in the
developing PVN (arrow in S) and SON (arrowheads in S), relatively weak in the lateral hypothalamic area. But in the OtplacZ null brain, Sim1
transcripts are condensed to two strips of cells in the mantle layer of diencephalon (arrow in T). The presumptive PVN and SON are
negative to Sim1.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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445Neuroendocrine Defects in Otp Mutant MiceIn the OtplacZ null diencephalon, OtplacZ expression do-
ains, in both the anterior and the posterior developing
ypothalamus, have been notably narrowed both laterally
nd ventrally in the mantle layer (arrows in Figs. 8A and B).
he mediolateral gradient of expression displayed by het-
rozygous OtplacZ embryos has disappeared. The expression
profile of other molecular markers that play a role in the
patterning and differentiation of these cells, such as Brn2,
Brn4, Sim1, Sim2 and Six3, was examined. Brn2 is homo-
geneously expressed in the entire diencephalon with the
ventral limit located at the optic recess. Inactivation of Otp
does not overtly change its expression at E11.5 (Figs. 8C and
D). Brn4 shows expression in a more restricted domain with
the ventral boundaries slightly overlapping with the poste-
rior part of the Otp-expressing region in the supraoptic/
paraventricular area (arrowheads in Figs. 8E and F). Ven-
trally, two columns of cells residing at the junction of the
diencephalon and optic recess show a detectable level of
expression. No changes are noticeable in terms of the Brn4
expression domain and intensity in the OtplacZ null em-
ryos when compared with wild-type embryos (Figs. 8E and
). Sim1-expressing domains colocalize with the OtplacZ-
xpressing regions. Loss of Otp significantly reduces the
umber of cells expressing Sim1 in the supraoptic/
araventricular area (arrows in Figs. 8G and H), but not in
he posterior hypothalamus. Interestingly, Sim2 transcrip-
ion is completely abolished in the spv area (arrows in Figs.
I and J). However, Sim2 expression in the posterior hypo-
halamus is retained. At this stage, Six3 expression is
naffected in the optic chiasm and optic vesicles, as well as
he supraoptic/paraventricular area of the hypothalamus
arrowheads in Figs. 8K and L).
At E13.0, the developing PVN and SON marked by
b-galactosidase activity have become distinctive in the
OtplacZ6 diencephalon (Fig. 8M). In the OtplacZ null brain,
he strips expressing OtplacZ are thinner and fainter in the
prospective PVN. OtplacZ is also seen in two thin bilateral
streams at the base of the hypothalamus, in which no
structures resembling a SON are identifiable (Fig. 8N). At
this stage, Brn2 is expressed in many regions in the devel-
oping diencephalon, including the ventricular layer of the
hypothalamus, and the developing PVN and SON (Fig. 8O).
But in the OtplacZ null hypothalamus, the PVN- and SON-
estricted expression of Brn2 is no longer apparent (Fig. 8P).
urthermore, Brn2 expression in the mantle layer of the
eveloping hypothalamus has become homogenized with-
ut preference to the PVN and SON. Its expression outside
he hypothalamus is unaffected by the loss of Otp. Since
here are still some OtplacZ-positive cells remaining in the
presumptive PVN and SON, the response of Brn2 to Otp
seems more likely to be at the molecular level, rather than
at the cellular level; however, this response occurs in a cell
type-specific fashion. In contrast, Brn4 is not responsive to
the loss of Otp (Figs. 8Q and R). Sim1 is clearly presented in
three domains of the PVN (arrow in Fig. 8S), SON (arrow-
head in Fig. 8S), and lateral hypothalamus in the wild-type
embryo. Similar to the expression of Otp, Sim1 is strictly
Copyright © 2000 by Academic Press. All rightconfined to the mantle layer. In the OtplacZ null embryo,
Sim1 expression is altered into two strips in the lateral
hypothalamus, with dorsal limits extending into the ven-
tricular layer (arrow in Fig. 8T). In contrast to its ectopic
expression at later embryonic stages, the Six3 expression
pattern remains the same in the OtplacZ null mutant at this
stage (Figs. 8U and V).
Cell death and cell proliferation were examined in an
investigation of the causes leading to the progressive loss of
the cell populations expressing the above described molecu-
lar markers. Coronal sections through the supraoptic/
paraventricular area of brains from E10.5 to P1 were ana-
lyzed by the TUNEL method. OtplacZ null brains do not
display any elevated apoptotic activity at any of the stages
examined (Figs. 9E and F; data not shown). In contrast,
decreased cell proliferation was observed from E11.5 in the
OtplacZ null supraoptic/paraventricular area (Figs. 9A and B).
revious studies show a discrepancy in describing the
iming of histogenesis of the PVN/SON neurons. It is
enerally accepted that the majority of neuronal precursors
f the supraoptic and paraventricular neurons are formed
etween E10.5 and E12.5. Cell proliferation of these neuro-
lasts ceases after E14.5. Whereas, neuronal progenitors of
he periventricular, arcuate, and medial mammillary nuclei
ontinue to divide until E16.5 (Karim and Sloper, 1980;
himada and Nakamura, 1973). In this study, pregnant mice
ere injected with BrdU and embryos were removed 1 h
fter injection at E11.5. At this stage in the wild-type
mbryo, BrdU-positive cells are distributed in both the
antle layer and the ventricular zone. However, in the
tplacZ null embryo, fewer BrdU-labeled cells can be seen in
the supraoptic/paraventricular area, especially in the
mantle layer where OtplacZ is expressed (arrowheads in Figs.
9A and B). Histologically, BrdU-positive cells are presum-
ably migrating neuronal cells. This tendency becomes more
evident in embryos at E13.0 following BrdU injection at
E12.5 (Figs. 9C and D). At this time, the number of
BrdU-labeled cells decreased notably in the circled area in
Figure 9D as compared with the corresponding region of
wild-type embryo (Fig. 9C). This observation indicates that
neuroblasts destined for the PVN/SON neurons exit the cell
cycle prematurely or, alternately, change their cell fate.
Interestingly, in the OtplacZ null embryos, normal cell
roliferation and migration can be observed in the ventro-
ateral regions, where Otp is not expressed (arrows in
Fig. 9D).
In conclusion, reduced cell proliferation of the neuro-
blasts, in the Otp null embryo, temporally coincides with
the gradual reduction of specific Otp-expressing neuroen-
docrine cells during CNS development. It is possible that
the cell proliferation reduction fails to maintain the precur-
sor pool necessary for the development of the neurons of the
PVN and SON. At the same time, under the pressure of the
environment, progenitors deficient in Otp may reprogram
themselves and eventually lose the capacity to develop into
the PVN/SON/aPV neurons (discussed below).
s of reproduction in any form reserved.
446 Wang and LufkinFIG. 9. Normal apoptotic activity and reduced cell proliferation of neuron progenitors in the early OtplacZ null embryos. The genotype of
the embryo is shown at the top of each column. The embryonic stages and assays performed are indicated on the lower and upper right
corners of each panel, respectively. Number of BrdU-positive cells is clearly decreased in the supraoptic/paraventricular region of
diencephalon at E11.5 when specimens were examined 1 h after BrdU injection (A, B). At E13.0, a significant number of BrdU-incorporated
cells successfully migrate into the mantle layer of the hypothalamus when BrdU injection was carried out at E12.5. In the OtplacZ null
embryos, fewer cells in the supraoptic/paraventricular area are labeled by BrdU (circled regions in C and D). Panels E and F were sections
of E13.0 used to exemplify that no increased apoptotic activities are discernible in the developing diencephalon in the OtplacZ null
hypothalamus (E, F).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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447Neuroendocrine Defects in Otp Mutant MiceDISCUSSION
Structures Expressing Otp during Embryogenesis
Are Distributed in the Otp Null Mutant
Neonates lacking Otp function fail to develop anterior
eriventricular, paraventricular, and supraoptic nuclei. The
rcuate nucleus is also affected, as indicated by its failure to
xpress the neuropeptide somatostatin, even though no
orphological defects are discernable. Two well-
ocumented genes involved in the development of the
eurons of the PVN and SON are the POU domain factor
rn2 and the bHLH-PAS transcription factor Sim1. Brn2
ull mice lose neurosecretory neurons of the paraventricu-
ar and supraoptic nuclei as demonstrated by the failure to
nitiate neuropeptide gene expression, successful projection
f axons to targets, and survival of these neurons. Brn2 has
no effect on the early stage events leading to terminal
differentiation of the PVN/SON neurons (Nakai et al.,
1995; Schonemann et al., 1995). Sim1 is a potential up-
stream regulator of Brn2 as Sim1 is required to maintain
Brn2 expression (Michaud et al., 1998). Additional struc-
tures, including the aPV, PVN, and SON nuclei are affected
in response to the loss of Sim1 as compared with Brn2 null
mice. Sim1-expressing cells of the presumptive PVN/SON
develop and survive up to the stage of E15.5 when the
PVN/SON neurons have migrated to their correct location.
This suggests that Sim1 is involved in the terminal differ-
entiation of the hypothalamic neurons at the stages of
neuropeptide gene expression and axonal outgrowth. Loss
of Sim1 leads to the failure of postmitotic neurons to
transverse these events. Cell death has been suggested as a
consequence of the loss of Sim1. In contrast to Brn2 and
Sim1, the homeobox gene Otp clearly engages different
developmental pathways leading to terminal differentiation
of the aPV/PVN/SON neurons. Structures expressing Otp,
such as the aPV, PVN, and SON as well as ARN, are
affected at different levels. Mice deficient in Otp fail to
evelop the aPV, PVN, and SON nuclei (this work, Acam-
ora et al., 1999). Also, Otp null mice lose the capability to
roduce somatostatin by the arcuate nucleus. These defects
re closely associated with reduced cell proliferation of
euroblasts and abnormal migration of postmitotic neu-
ons. Thus Otp initiates its functions in terminal differen-
iation of neuroblasts at stages preceding those of either
rn2 or Sim1.
In addition to the primarily affected areas indicated
above, the median eminence and the posterior pituitary
show clear anatomical defects in the animals lacking Otp.
Thinning of the neuroepithelium in the ME may be caused
by a failure of axonal projections from the parvocellular
neurons of the PVN and ARN. In contrast, the infundibu-
lum seems to be less responsive to Otp since no significant
eduction in size was observed in this tissue. Normal
evelopment of the pituitary at all stages up to E15.5
onvinces us that early pituitary patterning is independent
f Otp. However, inactivation of Otp results in failed P
Copyright © 2000 by Academic Press. All rightterminal differentiation of the PVN/SON neurons, conse-
quently abolishing axon outgrowth and hormone release.
Deletion of the posterior pituitary lobe and hypocellularity
in the anterior pituitary lobe at late embryonic stages likely
arises from the failure of axon innervation from the hypo-
thalamic endocrine neurons and hence may reflect a sec-
ondary effect (this work, Acampora et al., 1999). Similar
phenotypes have been reported in the Brn2 and Sim1 null
mice (Michaud et al., 1998; Schonemann et al., 1995).
Reduced Cell Proliferation Changes the Cell Fate
of the PVN/SON Neuroblasts
In the OtplacZ null animals, neither abnormal apoptosis
nor necrosis can be detected in Otp-expressing cells at any
time during their development. In contrast, reduced cell
proliferation of Otp-expressing neuroblasts is more likely to
account for the absence of the PVN/SON cell lineages. In
addition to generating less daughter cells, progenitor cells
undergoing reduced cell proliferation might also change
their development pathway, subsequently altering their cell
fate. In this study, we demonstrate that, even at E12.5, the
neuroblasts are still active in generating postmitotic neu-
rons for the supraoptic/paraventricular area in the wild-type
animals. In the OtplacZ null mutants, relatively fewer BrdU-
ositive cells were found in the ventricular zone, indicating
hat neural progenitor cells are not actively dividing due to
he absence of functional Otp. Dramatic reduction of BrdU-
abeled cells in the mantle layer further confirmed that
ewer progenitors had undergone terminal mitosis and
ubsequently moved outward, indicative of reduced cell
roliferation of PVN/SON/aPV neuronal precursor cells in
he ventricular zone (Fig. 9D). Since Otp is excluded from
the ventricular zone, it is unlikely that it regulates the
division of multiple progenitors. Instead, Otp may function
to control the production of mitogenic factors, or to provide
“cues” to modulate the susceptibility of precursors toward
a particular mitogen. In the OtplacZ null hypothalamus,
tp-responsive progenitors may become quiescent, or be
eprogrammed to exit the cell cycle permanently or enter
nto other cell lineages. Furthermore, “renegade” PVN/
ON/aPV precursors exhibit altered responsiveness to the
ommunity cues and migrate abnormally, as shown by the
istribution of OtplacZ cells in the hypothalamus lacking
unctional Otp. Unresponsiveness of the migratory progeni-
ors to environmental cues, together with pressure from the
urrounding environment by cell-cell signaling, may lead to
n alternation in their fate.
In wild-type animals, Six3 and Otp are expressed in
mutually exclusive domains, including the zona incerta and
SCN for Six3, and the aPV and PVN for Otp. Interestingly,
he transition from Otp-positive cells to Six3-positive cells
ccurs between E13.0 and E15.5, coinciding with the failed
erminal differentiation of the PVN/SON neurons. This
bservation indicates that ectopic expression of Six3 is the
esult of a global change in cell fate of the prospective
VN/SON neurons. Two explanations may account for the
s of reproduction in any form reserved.
D448 Wang and Lufkinectopic expression of Six3. First, absence of the PVN/SON
neuronal cells may eliminate the antagonizing effect of Otp
on Six3 by cell-cell signaling. Surrounding cells in the
changed environment fill in the vacancy left by Otp-
deficient cells and start expressing Six3. Second, progenitor
cells divert their developmental pathway to generate differ-
entiated cells expressing Six3 owing to the slowed cell
proliferation. The coexpression of Six3 and Brn4 at E15.5
favors this hypothesis in that these Six3-expressing cells
still retain the “signature” of the PVN neurons (Figs. 7P and
V). Interestingly, cell proliferation assay shows us that a
normal number of BrdU-labeled cells can be seen in the
ventrolateral region in the developing hypothalamus at
E13.0 (arrows in Fig. 9D). These cells are the migrating
neurons that constitute the nuclei in the lateral hypotha-
lamic area. This indicates that the cell determination
pathway responsive to Otp is specific to the aPV, PVN, and
SON cell lineages.
Otp Regulates the Expression of Tissue-Specific
Genes by Different Mechanisms
In this study, we also examined the expression profile of
other hypothalamic-specific molecular markers in the con-
text of a mutant Otp. These markers, including Brn2, Brn4,
Sim1, and Sim2, showed different responsiveness to the
inactivation of Otp. In the supraoptic/paraventricular area
of the wild-type animals, at early embryonic stages, Sim2 is
confined to a subarea of the Otp-expression domain (Figs. 8I
and J). Lack of functional Otp immediately extinguishes
expression of Sim2, suggesting that Sim2 could be a down-
stream target gene of Otp. The function of Sim2 in the
development of hypothalamic endocrine neuron is not
known yet, but it is possible that Otp affects cell identity,
at least in a subset of the PVN/SON neurons, partially by
regulating Sim2 at the transcriptional level. Similarly, Otp
seems to be an upstream regulator of Brn2. Brn2 shows a
delayed response to Otp as compared with Sim2. At E11.5,
expression of this gene is not severely affected. But at the
later stage of E13.0, Brn2 is absent in the developing PVN
and SON even though relatively significant amounts of
Otp-expressing cells are still present in the above regions.
Unlike the genes mentioned above, the alteration of Sim1
expression appears to be closely associated with the pro-
gressive disappearance of the Otp-expressing cells. Sim1
colocalizes with Otp in both the wild-type and the Otp
mutants. So in contrast to Sim2, there is no direct regula-
tory relationship linking Otp and Sim1 at the level of gene
expression. Alteration of the Sim1 expression profile in the
mice lacking Otp is more likely to be related to cellular
identity. Since ectopic expression of Sim1 cannot induce
neurons with PVN/SON identities, it suggests that Otp and
Sim1 may need to work cooperatively to direct the terminal
differentiation of the PVN/SON cells. In conclusion, the
Sim1 and Otp genes may produce factors that are essential,
but not sufficient, to determine hypothalamic endocrine
cell lineages. Combinatory signals provided by Otp, Sim1,
Copyright © 2000 by Academic Press. All rightand possibly other factors eventually determine the suc-
cessful maturation of hypothalamic endocrine cell lineages.
Intriguingly, the distinct regulatory pathway utilized by
Otp and Sim1 is partially overlapped at the point of Brn2.
Unlike Brn2, Brn4 shows varied responses to loss of Otp.
Its transcripts in the SON disappear first at E15.5, while its
expression in the presumptive PVN is retained (Fig. 7P).
Absence of Brn4 in the SON can be interpreted as a failure
in commitment of progenitor cells and their subsequent
migration. Whereas loss of the PVN cell lineage at E15.5 is
not sufficient to switch off Brn4 expression, suggesting that
no direct gene regulatory hierarchy can be easily established
between Otp and Brn4. Together with the previous specu-
lation that Brn4 may function redundantly with Brn2
during early neurogenesis, one might conclude that the
primary function of Brn4 is not in the development of
hypothalamic nuclei (Acampora et al., 1999; Schonemann
et al., 1995). Recent analysis of Brn4 null mice has con-
firmed this, in that mice lacking Brn4 display defects in the
inner ear, but not in the CNS (Phippard et al., 1999).
In this study, we demonstrate that Otp is required for
proper cell proliferation and differentiation of a subset of
neuroblasts committed to give rise to neurons of the aPV,
PVN, and SON. Otp may exert its function at any time
point from cell fate commitment and proliferation to mi-
gration and terminal differentiation, or throughout the
entire process. Future investigations employing conditional
inactivation of Otp in a spatial or temporal manner could
provide useful information to pinpoint the critical timing of
Otp function. Chimeras derived from both Otp null and
Otp wild-type cells could be generated to address the
question of cell autonomy, namely whether the Otp null
phenotype can be rescued by surrounding wild-type cells.
Searching for putative mitogens regulated by Otp could in
the future, help us to outline the signaling pathway initiat-
ing the transition from a neuronal precursor cell toward a
mature hypothalamic neuron.
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